The emergence of antibiotic resistant strains of common pathogens is an increasing concern worldwide, prompting a quest for novel therapeutic approaches[@b1]. Among the alternatives to traditional antibiotics, antimicrobial peptides (AMPs) attract growing interest[@b2][@b3]. AMPs form a vital part of the innate immune system in organisms including plants, amphibians, insects and mammals[@b4][@b5]. A class of these antimicrobial peptides kill pathogens by permeabilizing their plasma membrane *via* a specific, but not receptor-mediated mechanism[@b4][@b6][@b7]. This mode of action offers a promising alternative to existing therapeutic agents to overcome the resistance problem[@b8]. It is known that the lytic effect is defined by the peptide sequence and the characteristic lipid composition of the membrane; the AMPs in their host organisms are specific and selective to pathogenic membranes[@b9]. Unfortunately, most wild type peptides originate from non-mammalian hosts and thus also disrupt mammalian cells; however, peptides designed for pharmaceutical purposes may provide a viable treatment option[@b10].

Designing AMPs for pharmacological activity assumes the knowledge of their molecular mechanism of action. AMPs are usually assigned into two main categories based on their mode of membrane disruption: surface acting peptides and transmembrane pore formers. The distinction is largely empirical with a weak correlation to the size of the peptides. AMPs greater than 20 amino acid residues are long enough to span a lipid membrane in an α-helical conformation[@b11][@b12] forming either barrel-stave[@b13] or toroidal pores[@b14], while shorter peptides that are unable to span the membrane are more likely to act *via* the "carpet" mechanism[@b13]. In the phenomenological model of the carpet action, peptides first bind to the surface of the target membrane and cover it in a carpet-like manner, then, after a threshold concentration has been reached, the peptides cause a sudden breakdown in the membrane integrity[@b15]. The threshold concentration of disruption depends on the type of the target membrane and can occur after either the entire surface of the membrane or local areas are saturated with peptide[@b16]. Importantly, the peptides remain tightly bound to the membrane interface throughout the mechanism[@b13][@b17][@b18]. However, not much is known about the mechanistic pathway leading from membrane attachment to membrane disintegration.

The specificity of AMPs to pathogens is frequently explained with their positive charge[@b19][@b20]. Consistently, cationic peptides are reported to be more active against Gram positive bacteria[@b21] while the complex protective structures including a lipopolysaccharide layer and outer membrane reduce or eliminate activity against Gram-negative bacteria[@b22]. Charge effects have been studied extensively for transmembrane peptides and a clear correlation is recognized between the AMP charge and antimicrobial activity[@b23][@b24][@b25]. However a higher charge is not always advantageous as it interferes with structuring[@b26] or increases haemolytic activity parallel to an increased antibacterial efficiency[@b27]. In case of the carpet action, it is assumed that at least the initial membrane binding step is electrostatically driven since AMPs that follow the carpet mechanism typically carry a high positive charge[@b16]. However the exact role of peptide charge in the carpet mechanism is not known.

Structural factors also play a role in the activity of antimicrobial peptides[@b28]. The percentage α-helicity has a strong correlation to antimicrobial activity[@b29][@b30]. C-terminal amidation is a structural feature present in most of wild type peptides and it is believed to contribute to enhancing antimicrobial efficacy[@b31][@b32] through stabilizing the α-helix[@b33][@b34]. Since C-terminal amidated peptides have a higher positive charge than those with a free C-terminus, it is also possible that the charge is the causal factor in their higher activity, although charge alone is not sufficient to describe the differences[@b28]. Other authors suggested that C-terminal amidation can prevent the enzymatic degradation of antimicrobial peptides[@b35]. The specific role of the C-terminal amidation on the molecular mechanism, in particular of the carpet action of AMP activity remains unclear.

Aurein 1.2 is a 13-amino acid peptide (GLFDIIKKIAESF-NH~2~) secreted by the Australian green and golden bell frog Litoria aurea and by the related Australian southern bell frog Litoria reinforms[@b36] and is the smallest AMP secreted by vertebrates. Given its relative simplicity Aurein 1.2 is a suitable model to study the mechanism of the carpet action of antibacterial activity. Aurein 1.2 shows specificity to charged lipids which is believed to be a targeting mechanism to bacteria[@b37]. Aurein 1.2 is unstructured in aqueous solution, adopting an α-helical geometry when incorporated into lipid membranes[@b38][@b39]. In the membrane environment it has an amphipathic α-helix with well-defined hydrophilic and hydrophobic regions[@b36] that is more commonly found in pore forming peptides[@b12][@b40].

There are conflicting reports in the literature about the membrane disrupting threshold of Aurein 1.2. In charged liposomes Aurein 1.2 causes dye leakage from 1--4 μM in a concentration-dependent manner, achieving complete membrane lysis at higher concentrations[@b41][@b42], whereas quartz crystal microbalance (QCM) experiments suggest complete solubilization of charged supported bilayers at all concentrations[@b43]. In contrast, other biophysical studies suggest that there is little membrane disordering at concentrations below 7--10 μM while at higher concentrations Aurein 1.2 can disrupt both zwitterionic DMPC and charged DMPC/DMPG membranes, albeit to a different degree[@b37] or with a different affinity[@b29][@b44]. Reported threshold values vary with the measurement technique used and hence the definition of threshold, as well as the phase of the membrane; however, thresholdless disruption of charged membranes has been observed in both fluid and gel phase[@b41][@b43].

Importantly, the action of Aurein 1.2 is sensitive to local structure of the membrane[@b45][@b46], hence the role of the support chemistry and surface morphology might be responsible for the documented variations in the biophysical measurements. Phospholipids form tightly bound, rigid lamellar bilayers on metal oxide surfaces that exhibit only negligible dissipation in QCM measurements[@b47][@b48], whereas lamellar membranes of the same composition are partially suspended and highly dissipative on carboxylic acid-functionalized surfaces[@b49]. Hence the same phospholipid bilayer can exhibit substantially different viscoelastic properties if deposited onto different substrates[@b49]. If the membrane is not a homogeneous single bilayer, lamellar stacking effects[@b50] and/or intact liposomes also influence viscoelastic properties; the former are frequent on DMPC deposits whereas the latter is typical of DMPC:DMPG membranes[@b51]. Therefore, using a membrane of well controlled properties is key to study the mechanism of action in isolation from the aforementioned variables.

In this current work, highly biomimetic partially suspended membranes were used[@b49]. Anionic and zwitterionic *single bilayer* biomimetic membranes were exposed to different concentrations of wild type and non-amidated Aurein 1.2 on a QCM sensor surface. The methodology is based on previous works using dual beam polarization interferometry and QCM to fingerprint AMP membrane disruption[@b29][@b30][@b44]. The steps of the molecular mechanism as well as the effect of cholesterol content, increasing membrane charge and C-terminal amidation have been studied. DMPC with or without cholesterol is a widely used model for neutral membranes in the literature of AMP membrane interactions[@b9][@b37] while DMPC/DMPG lipid mixtures are frequently used to model charged membranes[@b52], hence these lipid mixtures were employed in this study. The mechanism was further investigated using molecular dynamics simulations.

Results and Discussion
======================

The interactions of wild type Aurein 1.2 and non-C-terminal amidated Aurein 1.2 (Aurein 1.2 -COOH) with supported phospholipid bilayers of DMPC, DMPC/DMPG (4:1), DMPC/Cholesterol (9:1), and DMPC/DMPG (3:2) compositions, respectively, were recorded using QCM. In a typical experiment ([Fig. 1](#f1){ref-type="fig"}) after obtaining a stable baseline in water (1) and assay buffer (2) liposome suspension was introduced into the chamber (3) leading to negative frequency shift, indicating lipid deposition (4). In all measurements the deposit was then rinsed with a "low salt" buffer (30 mM NaCl concentration) to remove unopened liposomes from the surface by osmotic stress ([Fig. 1](#f1){ref-type="fig"}([5](#f5){ref-type="fig"})). After returning the assay buffer to the measurement chamber (6) the frequency change was at \~14 Hz and dissipation at \~3 × 10^−6^, which is consistent with a single bilayer deposit[@b49][@b51]. In all experiments peptide solutions were only introduced once the presence of a single bilayer membrane was confirmed ([Fig. 1](#f1){ref-type="fig"}([7](#f7){ref-type="fig"})).

[Figure 2](#f2){ref-type="fig"} shows the frequency change (Δf) vs time (t) sensograms for wild type Aurein 1.2 and Aurein 1.2-COOH with various membranes. In the case of 3 μM peptide concentration ([Fig. 2(a)](#f2){ref-type="fig"}) there is only a small negative frequency change. However at 5 μM after an initial drop there is a little increase in *f*. Increasing the concentration further to the 7 and 10 μM resulted in a similar but more pronounced trend with a frequency increase to values above the initial *f*. At 15 μM this trend is followed by a steep frequency drop. The initial decrease in *f* that is observed at all concentrations is consistent with peptide binding to the membrane surface. Above 5 μM concentration, the initial negative trend is followed by a small increase in frequency that is followed by a second, slow negative trend for all concentrations, exhibiting a "wave" pattern that accelerates over time at 15 μM.

Addition of 10% cholesterol to the DMPC membrane ([Fig. 2(b)](#f2){ref-type="fig"}) changed this interaction pattern. There is only binding in the case of 3 and 5 μM concentrations, whereas at 7 μM after the initial binding there is a slight increase in *f*. Increasing the concentration further to 10 μM enhances the second process. Upon increasing concentration to 15 μM a third process, a substantial negative frequency change, is observed, similar to the pattern seen for neat DMPC with 15 μM Aurein 1.2.

Addition of 20% DMPG to the DMPC membrane ([Fig. 2(c)](#f2){ref-type="fig"}) resulted in very different interaction characteristics. At 3 μM there is only binding. Over 5 μM concentration there is an increase in Δ*f* after the initial binding. At 10 μM concentration a third trend also becomes visible: an additional negative change to produce a "wave" pattern. This result is consistent with earlier QCM work on gel phase membranes[@b29][@b44] but different from the behaviour of Aurein 1.2 with fluid membranes where even small concentrations of Aurein 1.2 lead to complete removal of DMPC/DMPG (4:1) from the surface[@b43]. However, complete disintegration of gel phase membranes by Aurein 1.2 was also observed in dye leakage studies[@b41], hence membrane phase might not be a determining factor in the observed differences. It was established before that Aurein 1.2 action is highly sensitive to the local curvature[@b45]; hence the different result in this study is likely due to the better control of membrane morphology, ensuring the absence of intact small liposomes or small secondary bilayer patches, both of which offer high local curvatures for preferential Aurein 1.2 attack.

Cationic peptides have shown a stronger binding affinity to anionic lipids[@b53]. Therefore, electrostatic interactions are thought to be the main driving force in the carpet mechanism, with a potential role played by hydrophobicity as well[@b8][@b15][@b54]. Accordingly, increasing the charged lipid content of a membrane should lead to higher peptide activity. To test this assumption a mixture of DMPC/DMPG (3:2) was exposed to Aurein 1.2 ([Fig. 2(d](#f2){ref-type="fig"}.)) At 3 and 5 μM substantially more peptide is bound to the membrane than in the case of DMPC:DMPG (4:1) membrane, as expected if charge interaction plays a role; however even at higher concentrations the "wave" observed for the DMPC:DMPG (4:1) interaction is largely absent.

To gain better insight into the effect of C-terminal amidation on the mechanism of action of Aurein 1.2 on membranes, Aurein 1.2-COOH was also studied ([Fig. 2(e--g)](#f2){ref-type="fig"}). In all cases, decreasing frequency indicates that Aurein 1.2-COOH is able to bind to the membrane without significant disruption although at 15 μM on neat DMPC and DMPC:DMPG (4:1) slightly lower frequency change indicates the onset of a weak secondary process. Hence our experimental results show that C-terminal amidation has a profound effect on the interaction mechanism, which is consistent with recent literature results on other aurein peptides[@b55].

Fingerprinting analysis
-----------------------

The differences in the membrane interactions of Aurein 1.2 and Aurein1.2-COOH can be analyzed through changes in the membrane viscoelasticity. Hence the mechanism of action of these peptides was further explored by using the mechanistic "fingerprints" formed when plotting the QCM dissipation change against the frequency change (ΔD vs Δ*f*). Such fingerprints of a mechanism are used primarily to identify stages or sub-processes that exhibit different viscoelastic character. The trendline \[--f, +D\] reveals the formation of a thin viscous layer, that is, mass uptake; conversely a trendline towards \[+f, --D\] usually indicates mass loss[@b56]. For trendlines in \[--f, --D\] and \[+f, +D\] directions, the change predominantly occurs in viscoelastic properties, that is, distribution, density or mixing of the constituents of the deposit; these are referred to as structural changes[@b29][@b57]. These viscoelastic processes can be *qualitatively* assigned if informed by other experimental methods, computational results or by assessing possible mechanistic pathways.

[Figure 3](#f3){ref-type="fig"} shows the effect of wild type Aurein 1.2 on the four different membranes. Changes in the direction of the curves reveal discrete stages of the mechanism. Thus, Aurein 1.2 interaction shows a concentration-dependent three stage mechanism with each of the four lipid mixtures studied. However there are marked differences between the characters of these stages in the different lipid mixtures.

Stage 1 in all cases points to \[−f, +D\] direction, indicating homogeneous mass uptake. The amount of binding differs by membrane type: in DMPC it is \~ − 4 Hz but the stage is only discernible at low concentrations, suggesting two competing equilibria between solution phase and surface bound peptide as well as e.g. monomeric and aggregated form on the membrane. The existence of peptide adsorption equilibria and the ability of the membrane to recover from low concentration exposure of AMPs has been described before[@b30]. Addition of cholesterol preserves stage 1 for higher concentrations. Importantly, the maximum frequency change at the end of stage 1 does not depend on peptide concentration. This implies that it is related to a certain degree of surface coverage, suggesting saturation. However, charged lipid increases the maximum binding in stage one; on DMPC:DMPG (4:1) membrane the maximum value is \~ − 12 Hz at higher concentrations of Aurein 1.2, with a maximum dissipation of \~5--7 a.u., after which there is a sharp change to a \[+f, --D\] trendline in stage 2. In stark contrast, mass uptake continues to −30--40 Hz for DMPC:DMPG (3:2). However, after reaching maximum value at \~12 Hz (approximately at the same values as in case of DMPC:DMPG (4:1)), the dissipation trend becomes negative (\*\*), indicating that further mass uptake restrains membrane mobility, the primary cause of dissipation[@b49]. It is feasible to assume that this trendline (\*\*) is a separate stage for this lipid mixture, albeit it is not as distinct as in case of DMPC:DMPG (4:1). Hence, increasing membrane charge delays the onset of mass loss, that is, it is *hindering* membrane disruption.

Stage 2 is highly lipid-dependent. In case of neat DMPC this is initially a \[+f, −D\] trend ([Fig. 3](#f3){ref-type="fig"} DMPC 3 μM) that moves towards \[−f, −D\] direction at higher concentrations, with a substantial spread of the harmonics. As described previously[@b29][@b58], this indicates a surface process, which is primarily a structural change; a concomitant decrease to water coupling accounts for the negative frequency change[@b29]. In case of DMPC with 10% cholesterol content, a similar trend is observed that is shifted to higher concentrations. Importantly, stage 2 is different for charged membranes and has a remarkable sensitivity to DMPG lipid content. In case of 20% DMPG, the trend is \[−f,−D\] with mostly overlapping harmonics of the crystal resonance at low concentrations, which starts to show spreading at 10 μM. In case of 40% DMPG content, the second stage is unclear, as discussed above; (\*\*) is primarily a \[−f, −D\] trend with lessening dissipation change at higher concentrations. Mass uptake itself can only cause a positive dissipation change. Yet the continuing negative frequency change suggests that more peptide is binding to the membrane surface. Hence the only possible interpretation is the overlapping of mass uptake \[−f, +D\] and a parallel structural change \[−f, −D\]. This is consistent with further peptide binding to the membrane that was made accessible by aggregation of peptide. Therefore stage 2 reflects the key differences between the way Aurein 1.2 interacts with membranes.

Stage 3 is an abrupt change in the trend line, which has been registered for all lipid mixtures over a threshold concentration. This observation has not been reported in the literature before. It is likely related to the precondition of suspended single bilayer membrane coverage of the chip surfaces, which was not ensured in previous studies. As we described above, the concentration threshold depends on the membrane composition: for DMPC, it is at 7 μM; for DMPC:Cholesterol (9:1) at 15 μM whereas for both DMPG containing mixtures it is at 10 μM. However, in case of 40% DMPG content the trend line is weakly \[+f, −D\], the opposite of the trend observed for all other mixtures (where it is a nearly pure negative frequency change).

The near zero dissipation change that accompanies the large negative frequency changes suggests that a tightly coupled rigid layer is forming on the surface. Apparent mass gain without any change in dissipation is an unexpected feature since previous studies suggest membrane dissolution which would result in continuing \[+f, −D\] mass removal to frequency change values above zero that would indicate the removal of the membrane[@b29][@b43][@b57]. Hence, based on the well documented membrane disrupting ability of Aurein 1.2 at 10--20 μM concentrations, stage 3 has to be related to the disintegration of the membrane. One possible explanation is that the dissolution of the membrane exposes the MPA surface to further peptide binding. However, control experiments with 10 μM Aurein 1.2 on MPA modified sensor chip surface recorded only \~1 Hz frequency change, hence this explanation can be ruled out. The only other possibility is a fundamental re-packaging of the peptide and lipid into disruption products such as mixed micelles that nevertheless remain on the chip surface due to the strong attachment to the MPA carboxyl groups[@b57]. That also suggests that the final step of membrane disintegration allows the incorporation of more peptide into the disruption products from the solution phase; consistently the largest frequency changes in stage 3 are observed at the highest peptide concentrations. Therefore, while this behaviour is markedly different from the material removal observed for multilayer membranes, it is not a contradiction in terms of the mechanism.

Coarse grain simulations
------------------------

Single-peptide simulations show that both amidated and non-amidated Aurein 1.2 spontaneously bind to a DMPC lipid membrane. A movie of a representative simulation is available as [supplementary material](#S1){ref-type="supplementary-material"}. Phenylalanines 3 and 13 are the key anchors, with their rings (in [Fig. 4](#f4){ref-type="fig"} these appear as triangles in MARTINI representation) interacting with the apolar part of the lipid. Due to the helical conformation of the peptide, the two phenylalanines have different insertion geometries: Phe3 is nearly parallel to the surface (at an angle of 20 degrees) whereas Phe13 is more perpendicular (45 degrees). This orientation is observed in both wild type and non-amidated peptides ([Fig. 4(a,b)](#f4){ref-type="fig"}). The peptides insert about 1.75 nm inside the membrane, with the amphiphilic helix resting at the boundary between the headgroup zone and the hydrophobic core.

Placing six peptides in the box simulations have been carried out for the same four types of membranes that were used in the experiments. In all cases, aggregation is observed over time. In the case of the wild type peptides and DMPC membrane, aggregates are formed *via* hydrophobic interactions (mostly mediated by isoleucine), resulting in a bundle. The aggregated structures remain anchored to the membrane through phenylalanines as described above ([Fig. 4 (c)](#f4){ref-type="fig"}). Non-amidated peptides also aggregate (see [Fig. 4(d)](#f4){ref-type="fig"}), however the aggregates are disordered, they lose the membrane anchors and detach from the membrane, although some aggregates may remain loosely attached to the membrane through polar interactions.

Introducing 10% cholesterol to the DMPC lipid did not change the binding geometry of wild type Aurein 1.2, however the binding affinity was weaker with five peptides remaining in the solution phase (not shown). This implies that cholesterol hinders membrane binding and shifts the peptide activity towards higher concentrations, consistent with experimental observations. Charged lipids had the opposite effect. 20% DMPG lead to strong binding with the same geometry as in case of neat DMPC; bundling of the peptides was also observed on the surface ([Fig. 4(e)](#f4){ref-type="fig"}). Importantly the bundle tended towards vertical orientation compared to the membrane plane. Increasing the membrane charge lead to change of behaviour. For 40% DMPG, the Phe peptide anchoring is weakened, likely due to the dominance of the charge interactions. The peptides assemble into a vertical bundle, with only one Phe residue remaining in the membrane ([Fig. 4(f)](#f4){ref-type="fig"}). This is consistent with the experimentally observed anomalous stage 2 of the interaction; vertical orientation of peptides allows for more binding, while also restraining freedom of motion due to packing constraints that leads to reduced dissipation.

These observations provide microscopic insight into the initial stages of the interaction between Aurein 1.2 and the membrane. Full membrane disruption has not been observed in any case, as it is beyond the time scales accessible with these simulations.

Membrane charge and Aurein 1.2 binding affinity
-----------------------------------------------

It was found that Aurein 1.2 binds to both zwitterionic and negatively charged membranes. However, more peptide bind to the charged lipid and increasing anionic lipid content increases the amount of membrane bound peptide. Initial interaction of cationic AMPs with anionic membrane is generally considered to be purely electrostatic, forming the basis of selectivity to bacteria[@b20]; indeed it was shown that Aurein 1.2 forms complexes with negatively charged polysaccharides as well[@b59]. Yet, Aurein 1.2 binding to zwitterionic lipid has been reported before with QCM and SPR measurements[@b38][@b44]. It is argued that, while electrostatic attraction between the positively charged residues of Aurein 1.2 and negatively charged phosphate moiety of the phosphatidylcholine head group of DMPC is highly probable, in comparison to negatively charged lipids such as DMPG, the overall strength of such interaction will be attenuated through competition with the positively charged choline at the surface of DMPC bilayer[@b38]. Our observations suggest that Aurein 1.2 binding to DMPC lipids is not negligible and the main difference compared to charged lipids is in the onset of stage 2 of the mechanism. Addition of 10% cholesterol increases peptide binding; it implies that charge interaction is not the only binding mechanism, in line with the observation that Aurein 1.2 disrupts zwitterionic as well as charged lipids, albeit at higher concentrations (vs. \~10 μM for DMPC:DMPG (4:1))[@b38]. Comparing DMPC:DMPG (4:1) and DMPC:DMPG (3:2), the onset of disruption is shifted to higher concentrations, implying that the excess charge has an inhibitive effect on membrane disruption. Our computer modelling, in agreement with former NMR results, show that the peptide is anchored into the membrane with Phe3 and Phe13 residues, that is, with its hydrophobic side, and not with the charged residues. Hence the higher affinity of Aurein 1.2 to charged membranes is a weak targeting motif; differences in the mechanism of action are not charge related.

The interaction of Aurein 1.2 with DPMC/Cholesterol shows weaker activity than with neat DMPC. Since mammalian cell membranes contain cholesterol whereas bacteria do not, this difference reveals a secondary motif for specificity and selectivity. It has been shown that cholesterol attenuates the insertion of AMPs into membranes[@b60]. Given that cholesterol modulates the fluidity of membrane[@b61], this effect suggests that mechanical membrane properties also play a role in the mechanism of action.

The role of C-terminal amidation
--------------------------------

The comparison of ΔD vs Δf plots for neat DMPC exposed to wild type Aurein 1.2 and Aurein 1.2 -COOH is shown in [Fig. 5](#f5){ref-type="fig"}. Even though both peptides bind to the membrane, Aurein 1.2 -COOH did not cause any discernible disruption at any of the concentrations studied. This is consistent with previous results identifying an initial binding phase which is comparable for the amidated and non amidated peptides[@b28]; this has also been observed in our binding simulations to a DMPC membrane. However, aggregation simulations show that amidation has a key role in further stages, as the wild type peptide remains on the surface whereas the non amidated peptide dissociates from the membrane. Thus the results suggest that C-terminal amidation plays a direct role in membrane disruption by promoting peptide aggregation and potentially aiding membrane penetration by inverting the charge of the C terminus.

Mechanism of action
-------------------

Rozek *et al*.[@b36] calculated the most stable structure of Aurein 1.2 with the hydrophobic residues on one side and the hydrophilic residues on the another side of the helix. The helical wheel representation of Aurein 1.2 is shown in [Fig. 6](#f6){ref-type="fig"}. Such a highly amphiphilic structure is more commonly associated with pore forming peptides, as it leads to hydrophilic or hydrophobic aggregation in helical conformation[@b13][@b54]. In solution the propensity to aggregate is reduced by weaker α-helicity of the peptide; in the membrane environment however Aurein 1.2 is highly helical[@b41], thus the helices can interact as amphiphiles. Consistently, aggregation was revealed by the coarse grain simulations. Yet all evidence suggest that the mechanism of action of Aurein 1.2 is carpet-like[@b9][@b43][@b57].

Our simulation results have confirmed the membrane anchor role of phenylalanine residues at 3 and 13 positions that place the amphiphilic helix at the boundary between the headgroup zone and the membrane core. Aurein 1.2 is significantly more active than Aurein 1.1 that lacks Phe13 residue, suggesting that the Phe3 and Phe13 play an important role in the membrane disrupting activity[@b36].

Of the carpet action of Aurein 1.2, it is known that the peptide binds to both zwitterionic and anionic membranes[@b43], it dissolves the membrane at a certain threshold that is a function of membrane composition[@b62], and it remains on the surface of the membrane until the sudden breakdown of membrane integrity[@b52]. No intermediate stages have been identified thus far between surface attachment and dissolution products. The latter necessarily contain lipid molecules and peptides, and are too small for optical detection, hence believed to be mixed micelles[@b43][@b62].

The existence of the threshold suggests that the peptide does not act as a detergent[@b13], removing individual lipid molecules from the membrane, but rather as a membrane modulating agent, changing the collective properties of the membrane until it becomes unstable. Three feasible pathways can achieve this. a) If the peptides reside in the lower headgroup area upon membrane binding, a surface coverage can be reached where the lipid molecules are separated so far that the top leaflet integrity breaks down. Disintegration products are likely irregular. b) At a certain surface density the peptides start penetrating the membrane (due to Boltzmann distribution a higher energy inserted state becomes accessible once the surface state is saturated), leading to swelling of the top leaflet of the membrane that introduces a spontaneous curvature; the membrane starts blistering and breaks into spheres. c) Over a certain surface coverage the peptides aggregate into a bundle that favours penetration into the membrane core (hydrophobic side faces outwards), increasing top leaflet pressure, and disintegrating the membrane as in (b). Of these pathways, our results point at (c).

Hence it is feasible to assume the following mechanism of action: i) Linear peptide binds to the membrane, charge is involved in targeting ([Fig. 7I](#f7){ref-type="fig"}); ii) formation of an α-helix structure by anchoring with Phe3 and Phe13 at the ester moieties of the lipids; iii) after reaching a threshold coverage, the α-helical peptides aggregate on the surface of the membrane into a loose bundle ([Fig. 7II](#f7){ref-type="fig"}); iv) penetration of the aggregate into the top leaflet of the membrane; this increases the surface pressure of the top leaflet leading to "blistering" and eventual disintegration ([Fig. 7III](#f7){ref-type="fig"}). Although the last stage of the mechanism has not been observed in simulations due to restrictions in the reachable time scales, it is reasonable to suggest that the "carpet" mechanism of action in case of Aurein 1.2 proceeds through aggregation induced membrane penetration, which is similar to the action of some transmembrane pore forming peptides such as alamethicin[@b63]. Hence our results point at an aggregation-driven membrane penetration mechanism as a common motif for amphiphilic helix-forming AMPs.

Materials and Methods
=====================

Potassium dihydrogen phosphate (KH~2~PO~4~) and Potassium hydrogen phosphate (K~2~HPO~4~) were purchased from Fluka at ACS grade. Sodium chloride (NaCl) was purchased from Merck. Propan-2-ol, hydrogen peroxide (H~2~O~2~), and ammonia solution (28%, Analytical Univar Reagent) all were purchased from Sigma-Aldrich (Castel hill, NSW\<Australia). 3-mercaptopropionic acid (MPA) (HPLC Grade, \>99%) was purchased from Fluka, Bio- Chimia (Switzerland).Chloroform (ACS Reagent, 99.8%) was purchased from Sigma-Aldrich (Castel hill, NSW\< Australia). Methanol was purchased from Sigma Aldrich (Methanol \>99.9% A.C.S, Spectrophotometric grade) and ethanol was purchased from Sigma Aldrich (Ethanol, HPLC/ Spectrophotometric grade). Aurein 1.2 and Aurein 1.2 --COOH, 95% purity, were purchased from GLBiochem (China).

1,2-dimyristoyl-sn-glycero-3-phosphocholine(DMPC), sodium salt of 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL,USA). Lipids were dissolved in chloroform; in case of DMPG 3%methanol was added to improve solubility. Desired ratios of lipids: neat DMPC, DMPC/DMPG (4:1), (3:2), and DMPC/cholesterol (9:1) were measured into test tubes. The solvent was evaporated under a gentle stream of N~2~ and dried overnight. Liposomes were resuspended in 20 mM phosphate buffered saline (100 mM NaCl at pH 6.9).

Quartz Crystal Microbalance with Dissipation Monitoring
-------------------------------------------------------

Quartz Crystal Microbalance "with Dissipation Monitoring" (QCM) measurements were performed with a Q-SENSE E4 system (Q-Sense, Sweden). The sensor crystal used were 5 MHz, AT-cut, polished chips with evaporated gold sensor surface. The change of resonance frequency (Δf) and energy dissipation (ΔD) upon mass deposition were measured simultaneously at four different overtones of the fundamental frequency (where the fundamental frequency is the "first" overtone at 5 MHz). The (Δf) and (ΔD) values of the seventh overtone were presented. Sensor chips were rinsed with ethanol and dried under gentle stream of N~2~ gas, after that placed into a 3:1:1 mixture of ultrapure water 18.2 MΩ (Sartorius AG, Germany), hydrogen peroxide (30% solution) and ammonium hydroxide (28--30%solution) for 20 min at 70 °C. Then chips were rinsed with ultrapure water and dried. A clean gold surface was treated with 2% (w/w) MPA in Propan-2-ol overnight to form a self-assembled monolayer as a support for the biomimetic membrane[@b51]. The next day chips were rinsed in Propan-2-ol for 5 min to remove excess MPA and then assembled into the QCM chambers. At first water was injected into the chambers to hydrate the surface of the chips and then assay buffer was introduced. QCM experiments were repeated at least 3 times for each peptide and at each concentration. All experiments were performed by flushing 1 ml of liposome solution through the measurement chamber at 100 μL/min and at 19 °C^29^.

Peptides were injected into the QCM chamber once the formation of the single bilayer: 13--15 Hz frequency and 2.5--3.0 × 10^−6^ dissipation change was confirmed[@b51]. Control experiments on MPA coated gold confirmed the absence of peptide binding (10 μM Aurein 1.2; overall Δf = \~ -- 1 Hz, ΔD = 0). Hence, all structural change measured correspond to the interaction between peptide and the membranes.

QCM fingerprinting
------------------

Δf-ΔD plot can be used to provide an interaction fingerprint that is successfully used for the study of AMP-membrane interactions[@b29][@b57]. The Δf-ΔD curve correlates viscoelastic changes to mass uptake, which reflect changes in the membrane organization[@b29]. Thus, each direction in Δf-ΔD space reveals distinct mechanical changes. For the deposition or removal of thin viscoelastic layers, --Δf and ΔD are linearly proportional[@b56]. The direction \[−f, +D\] shows mass uptake; conversely if the interaction "vector" points towards \[+f, −D\], the process is mass loss[@b56]. Importantly this is different to the Sauerbrey approximation where dissipation is zero for all mass change[@b64]. Membranes deposited to SiO~2~ obey the Sauerbrey conditions; membranes deposited to MPA modified surface do not as the membrane is partially suspended[@b49]. "Stiffening", i.e. increase in the shear modulus as suggested by McCubbin *et al*. would cause further negative frequency change; in the same article changes in the \[+f, −D\] direction were also interpreted as membrane removal[@b57]. Importantly, mass uptake or removal can be quantified from the Δf-ΔD plots.

In trendlines where ΔD is inversely proportional to --Δf, \[−f, −D\] and \[+f, +D\], the change predominantly occurs in viscoelastic properties, that is, distribution, density or mixing of the constituents of the deposit. These viscoelastic processes can be *qualitatively* assigned if informed by other experimental methods, computational results or by assessing possible mechanistic pathways. Importantly, Δf-ΔD fingerprints cannot be directly interpreted for the mechanism of interaction unless independent information is available about the interacting system. A full description of Δf-ΔD plot interpretation can be found in Refs. [@b29],[@b65], [@b66], [@b67].

Coarse grain simulations
------------------------

Molecular dynamics simulations were carried out using the GROMACS package (vers. 4.6)[@b68] and the coarse-grained MARTINI force field (vers. 2.2)[@b69]; using this representation, groups of three or four atoms are represented by just one interaction bead, reducing in this way the complexity of the system and allowing longer simulation timescales. Ionisable residues were assumed to be in their standard state at neutral pH. The non-amidated antimicrobial peptide had charged N and C termini; in the amidated case, the N terminus was kept as default whereas the C terminus was considered positively charged and with hydrogen donor properties. Other ionisable amino acids were considered to be in their standard state at neutral pH and chloride ions were included when necessary to keep the system neutrality.

All simulated systems consisted in a 10 × 10 × 8 nm simulation box that included a lipid bilayer and one or more peptides. In all cases the peptides started in the solvent and were allowed to move freely throughout the system. Therefore, neither binding nor aggregation was forced by the original setup.

The role of C-terminal amidation in binding was explored using one peptide (either amidated or non amidated) per simulation box and a lipid membrane composed of neat DMPC. The effect of the lipid composition in aggregation and binding was assessed in a different set of simulations where six peptides were placed in the simulation box. Both amidated and non amidated peptides were tested against a neat DMPC bilayer to provide further evidence about the role of amidation in the full process. For the other membranes (DMPC/Cholesterol, DMPC:DMPG (4:1) and DMPC:DMPG (3:2)) only wild type peptides were simulated.

Peptide, membrane and solvent were coupled separately to a thermal bath at 300 K Berendsen thermostat; a Parrinello-Rahman semi isotropic barostat at 1 bar was also included. The standard MARTINI scheme was followed to complete the system setup[@b69]. Each system was first minimised, then equilibrated for 5 ns and run without constraints for 1 microsecond. This last microsecond was used for analysis using standard GROMACS tools.
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![Typical sensogram of a QCM experiment (DMPC, 7 μM Aurein 1.2).\
(**1**) Initial water baseline; (**2,4,6**) PBS buffer; (**5**) buffer with low salt concentration (30 mM), (**3**) lipid deposition curve, and (**7**) peptide effect. The difference in frequency between baseline 2 and 6 was used to calculate a total amount of lipid on the chip surface. Mass loss between 4 and 6 indicates removal of unopened liposomes and/or secondary bilayer patches from the membrane surface.](srep16378-f1){#f1}

![Frequency changes of the interaction of (3, 5, 7, 10, and 15 μM) Aurein 1.2 (wild type) with (a) neat DMPC, (b) DMPC/Cholesterol, ([c]{.ul}) DMPC/DMPG (4:1), (d) DMPC/DMPG (3:2), and Aurein 1.2-COOH with (e) neat DMPC, (f) DMPC/Cholesterol, (g) DMPC/DMPG (4:1).](srep16378-f2){#f2}

![Plots of ΔD-Δf of wild type Aurein 1.2 with different membranes at varied concentrations (3, 5, 7, 10, and 15 μM).\
The effect is shown for the third (red), fifth (green), seventh (purple), and ninth (blue) harmonic of the fundamental frequency of the quartz chip.](srep16378-f3){#f3}

![Representative snapshots from the coarse grain simulations.\
Amino acids are coloured according to their chemical nature (white, hydrophobic; green, hydrophilic; red, negatively charged; blue, positively charged). The α-helical backbone is also shown, each peptide in a different colour. (**a**) Side view of the membrane inserted peptide. Note that the "triangular" side chains correspond to the phenylalanine rings in a MARTINI representation. (**b**) Front view of a membrane inserted peptide. (**c**) Interaction of wild type peptides with DMPC. (**d**) Interaction of non-amidated peptides with DMPC. (**e**) interaction of wild type peptides with DMPC:DMPG (4:1) (DMPG in brown). (**f**) interaction of wild type peptides with DMPC:DMPG (3:2).](srep16378-f4){#f4}

![ΔD vs Δf plots of wild type Aurein 1.2 and Aurein 1.2 - COOH interaction with DMPC at different concentrations.\
Plots are shown for the third (red), fifth (green), seventh (purple), and ninth (blue) harmonic of the fundamental frequency of the sensor chip.](srep16378-f5){#f5}

![Helical wheel representation of Aurein 1.2.](srep16378-f6){#f6}

![Proposed mechanism of action of Aurein 1.2 Top, frequency (blue) and dissipation (red) sensograms of membrane disruption, with the stages of the process indicated with roman numerals.\
(**I**) binding; (**II**) aggregation; (**III**) membrane penetration-induced mixed micelle formation.](srep16378-f7){#f7}
